Synchronized and asynchronously growing cells of a V79 sub-line of the Chinese hamster were either whole-cell irradiated (~,, 254 nm) or laser-UV-microirradiated ()~, 257 nm). Post-incubation with caffeine (1-2 mM) often resulted in chromosome shattering, which was a rare event in the absence of this compound. In experiments with caffeine, the following results were obtained.
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Summary
Synchronized and asynchronously growing cells of a V79 sub-line of the Chinese hamster were either whole-cell irradiated (~,, 254 nm) or laser-UV-microirradiated ()~, 257 nm). Post-incubation with caffeine (1-2 mM) often resulted in chromosome shattering, which was a rare event in the absence of this compound. In experiments with caffeine, the following results were obtained.
Shattering of all the chromosomes of a cell (generalized chromosome shattering, GCS) was induced by whole-cell irradiation at the first post-irradiation mitosis when the UV fluence exceeded a "threshold" value in the sensitive phases of the cell cycle (.(31 and S) . GCS was also induced by laser-UV-microirradiation of a small part of the nucleus in G1 or S whereas microirradiation of cytoplasm beside the nucleus was not effective. An upper limit of the UV fluence in the non-irradiated nuclear part due to scattering of the microbeam was experimentally obtained. This UV fluence was significantly below the threshold fluence necessary to induce GCS in whole-cell irradiation experiments. In other cells, partial nuclear irradiation resulted in shattering of a few chromosomes only, while the majority remained intact (partial chromosome shattering, PCS). G1/early S was the most sensitive phase for induction of GCS by whole-cell and partial nuclear irradiation. The frequency of PCS was observed to increase when partial nuclear irradiation was performed either at lower incident doses or at later stages of S. We suggest that PCS and GCS indicate 2 levels of chromosome damage which can be produced by the synergistic action of UV irradiation and caffeine. PCS may be restricted to microirradiated chromatin whereas GCS involves both irradiated and unirradiated chromosomes in the microirradiated nucleus.
There is general agreement that DNA represents the essential target for most clastogenic agents, and mis-repair or misreplication of damaged DNA strands are considered to be responsible for the formation of chromosomal aberrations (Wolff, 1972; Bender et al., 1973; Evans, 1977; Kihlman, 1977; Kihlman et al., 1978; Leenhouts and Chadwick, 1978) . This concept is also accepted for the synergistic action of clastogens with S-phase-dependent effect (e.g. UV radiation or alkylating agents) and caffeine post-treatment in rodent cells. In this case, chromosomal aberrations are postulated to occur in damaged chromatin owing to interference of caffeine with replication of damaged DNA strands (daughter strand repair, "postreplication repair"; Kihlman et al., 1974; Roberts et al., 1974; Nilsson and Lehmann, 1975; Kihlman, 1977; Roberts, 1978) . A particular characteristic of this system is the frequent and abrupt appearance of metaphase plates, in which all chromosomes are shattered (generalized chromosome shattering, GCS), while other metaphase plates remain intact or show single chromosomal aberrations (Kato, 1973; Roberts et al., 1974; Nilsson and Lehmann, 1975; C. Cremer et al., 1980b) . In this investigation, we compared the effects of whole-cell irradiation (X, 254 nm) and of microirradiation (~, 257 nm) of either a small part of the nucleus or of cytoplasm beside the nucleus, using a V79 sub-line of Chinese hamster cells. GCS was found to be a "threshold" phenomenon and was induced with high yields both by whole-cell irradiation and by microirradiation of the nucleus, when cells were post-treated with caffeine. A part of the metaphase plates obtained after microirradiation of the nucleus and post-incubation with caffeine showed fragmentation or pulverization of a few chromosomes only, while the majority of chromosomes remained intact (partial chromosome shattering, PCS). The effects of the UV dose and the phase of the cell cycle during irradiation on the yield of GCS and PCS, respectively, were investigated in detail. The results are discussed with reference to the phenomenon of "chromosome pulverization" described by other authors (for review see Nichols, 1970 Nichols, , 1974 and interpreted in the light of a recently proposed factor depletion model (T. Cremer et al., 1980 Cremer et al., , 1981 .
Material and methods

Cell material and culture condition.s
If not stated otherwise, cells of a sub-line of V79 Chinese hamster cells were used and grown under standard conditions. Asynchronous cultures were inoculated into 6-cm plastic petri dishes after trypsination of subconfluent cultures .
Synchronous cell populations were obtained by shaking off mitotic cells from growing cultures resulting in at least 90% synchrony (C. Cremer et al., 1980b) . Autoradiography of synchronized V79 cells performed after a pulse with 3H-TdR at different times after mitotic selection indicated that the majority (70-80%) of cells were still in G1 3 h after mitotic selection, while 80-90% of the cells had entered S-phase after 5 h.
In some microirradiation experiments, a 30-min pulse of [3H]thymidine (0.1 /~Ci/ml, 5 Ci/mM) was applied immediately before harvest of mitotic cells. Microirradiated cells that appeared labeled after autoradiography were eliminated from further consideration. The number of such cells turned out to be negligible.
Cells from a fibroblastoid diploid strain "CHL" derived from lung cells of a female Chinese hamster , grown under the same conditions as the V79 ceils, were used for the investigation of unscheduled DNA synthesis (UDS) since, in contrast to the V79 cells, these cells could easily be held in G1 phase by serum starvation. After UV irradiation (h, 254 nm), UDS could be detected in the CHL cells at UV fluences as Iow as 0.4 J/m 2 (Cremer et al., 1978) .
UV irradiation
Whole cell irradiation at wavelength 254 nm was carried out as described (C. Cremer et al., 1980b) .
For microirradiation, cells grown in dishes were provided with HEPES-buffered, serum-free medium and were transferred to a special irradiation chamber (C. Cremer et al., 1976) . Cells that were located within an array of 6 × 6 squares of 0.25 mm 2 each ("experimental field") marked by scalpel cuts in the bottom of the petri dish were laser-UV-microirradiated at wavelength 257 nm (C. Cremer et al., 1974 Cremer et al., , 1976 either at one randomly selected site in the nucleus (nucleoli were excluded) or at one site in the cytoplasm about 4-5/~m beside the nucleus. A spot diameter of 1-2/~m with a UV power of 1 × 10-8W incident on the cell surface was used.
Only ceils that were well spread and showed a nucleus clearly distinguishable by phase-contrast observation (Zeiss Ultrafluar 32/0.40 Ph) were microirradiated with a given UV dose. Cells that did not meet these criteria were microirradiated lethally a~ a high dose sufficient to prevent these cells from entering a subsequent mitosis (C. Cremer et al., 1976) . Cells growing outside the experimental fields as well as cells in other dishes exposed to the same experimental schedule except for microirradiation served as controls (control field).
Post-irradiation treatment and chromosome preparation.
After irradiation, cells were grown at 37°C in medium with 10% fetal calf serum for different times either in the presence or in the absence of caffeine. Colchicine (2/~g/ml) was added for 3 h before chromosome preparations were made as described . The preparations were air-dried and stained with acetic orcein.
In whole-cell irradiation experiments, at least 100 randomly selected metaphase plates per dish were evaluated for chromosome alterations. In microirradiation experiments, all metaphase plates situated in the "experimental fields" were scored.
Pulse labeling (2 h) of microirradiated cells with [3H]thymidine (10 ttCi/ml, 47 Ci/mmole) and autoradiography was carried out as described (Zorn, 1978; Zorn et al., 1979) .
For statistical evaluation (C. Cremer et al., 1980b ) the binomial assumption was made, and the confidence limits pl ~p ~P2 for proportions were determined. P is the observed frequency and PR and P2 are the lower and upper limits of the 95% confidence interval, respectively. When the term "significant difference" was used, the 95% confidence intervals of Pl and P2 were clearly separated from each other.
Results
Types of aberrant metaphase plates found after UV irradiation (whole-cell irradiation or partial nuclear irradiation) and post-treatment with caffeine
Either whole-cell UV irradiation or UV microirradiation of a small part of a nucleus (partial nuclear irradiation) of V79 Chinese hamster cells was performed and the cells were post-incubated with caffeine. Mitotic cells were sampled with colchicine, scored for chromosomal damage and classified according to the following criteria (C. Cremer et al., 1980b; T. Cremer et al., 1980) .
ClassA:
Chromosome appeared intact. ClassB: 1 or 2 aberrations were found (mostly achromatic lesions, or chromatid breaks). Class C: more than 2 aberrations were observed but the majority of the chromosomes (I 1 and more) remained intact. After partial nuclear irradiation, severely damaged chromosomes were often observed that were clearly concentrated at a small part of the metaphase plate and that were surrounded by intact chromosomes (Fig. la) , in contrast with class-C figures obtained after whole-cell irradiation where such a striking concentration was found only rarely.
Class D aberrations were observed in the majority of chromosomes (11 and more), but still one or several chromosomes appeared intact. Class E: all chromosomes were affected, appearing fragmented and/or pulverized (generalized chromosome shattering, GCS). The term "generalized chromosome shattering" is introduced as a descriptive one to avoid any prejudice about the continuity or discontinuity of the DNA strand in these chromosomes. Subclass El: in spite of a high number of aberrations, the chromosomal fragments could still be recognized at least in a part of the metaphase plate. Subclass E2: the whole chromosome complement appeared "pulverized" (Freed and Schatz, 1969; Nichols, 1970 Nichols, , 1974 Zorn et al., 1976; C. Cremer et al., 1980b; T. Cremer et al., 1980 T. Cremer et al., , 1981 .
After partial nuclear irradiation, a "damage center" could sometimes be recognized: in classes D and E1 it consisted of pulverized chromosome segments while the surrounding chromosomes were fragmented (Fig. lb) . By contrast, this "damage center" was not observed after whole-cell irradiation. In cells of class E2, in most cases pulverization obtained after partial nuclear irradiation was rather uniform and could not be distinguished from GCS obtained after whole-cell irradiation (Fig. ld) .
Quantitative evaluation of whole-cell irradiation experiments
(1) UV Irradiation of asynchronous cultures. UV fluence and/or caffeine concentration, the metaphase plates with GCS appeared earlier after irradiation, indicating that the length of S-phase traverse necessary to produce this effect depended on both these parameters. Concerning the respective maximal percentage of cells with GCS, the following results were obtained. (a) 0 mM caffeine: no significant differences were obtained between different UV fluences. (b) 0 j/m2: no significant differences were obtained between 0, 1 and 2 mM caffeine. (c) 1 mM caffeine: significant differences were found between 1.7 and 3.5 J/m 2 and between 3.5 and 7 J/m E. (d) 2 mM caffeine: significant differences existed between 0, 1.7 and 3.5 J/m E. The difference between 3.5 and 7.0 J/m 2 was not significant.
In the experiments presented in Fig. 2 , the cultures received [3H]thymidine (0.1 /~Ci/ml) for 30 min immediately before irradiation. An evaluation of the label index Fig. 2 . Chromosome damage produced by whole-cell UV irradiation (X, 254 nm) of unsynchronized cells and post-incubation with caffeine. UV fluences delivered to asynchronously growing V79 cell cultures are indicated at the right side of the diagram (identical UV fluences for all 3 graphs in a given horizontal row). Cultures were post-lncubated in the absence or presence of caffeine at concentrations indicated at the top of the diagram (identical caffeine concentrations for all 4 graphs in a given vertical row). Mitotic cells were sampled at different times after irradiation as indicated at the bottom of the diagram (abscissa) and classified according to the extent of chromosome damage in classes A-E2. In each culture a sample of at least 100 mitotic cells was considered. All cultures were irradiated and post-treated in a single experimental set-up.
of mitotic cells (Fig. 3a) confirmed that UV irradiation in G2 did not induce GCS at the first post-irradiation mitosis (C. Cremer et al., 1980b) and suggested that a UV-induced increase in the length of the S phase might be partially reduced by caffeine post-treatment. Caffeine alone had no observable effect on the duration of the cell cycle as compared with untreated controls.
An evaluation of the mitotic index (Fig. 3b) indicated a depress'ion, which depended on the UV fluence delivered to the cells and on the caffeine concentration. After treatment by caffeine alone, the mitotic indices showed little if any alteration during the 24-h period under investigation.
(2) UV Irradiation of synchronized cells during G1 and S. Cells were irradiated either 3 h after mitotic selection (corresponding to late G1 phase in the majority of the cells) or 6 h after mitotic selection corresponding to S phase.
After exposure of synchronized cultures to UV fluences between 0 and 7 J//m 2, the respective peaks of mitotic cells were observed between 16 and 21 h after mitotic selection. To account for the mitotic delay with increasing dose, chromosome preparations were established after different incubation times.
The dose-effect curves for Gcs obtained after incubation with 1 mM caffeine (Fig. 4) indicate the existence of a certain "threshold" UV fluence as already suggested by experiments with asynchronous cultures (Fig. 2 ). Metaphase plates with shattered chromosomes were only rarely observed for fluences up to 1.7 J/m 2, and their percentage was not significantly increased as compared with unirradiated cells. distribution of damage classes A-E2 revealed that the sum of classes A and E comprised the majority of mitotic cells at all UV fluences investigated. In agreement with data from other authors (Nilsson and Lehmann, 1975) , this suggests that the increase of mitotic cells with a shattered chromosome complement (class E) occurs as a rather abrupt change from cells with no or single aberrations (classes A, B) to cells with GCS. A similar outcome was observed after whole-cell irradiation of synchronized cells and post-incubation with 2 mM caffeine: here, however, a significant increase of the number of cells with GCS was found for UV fluences above 0.9 J/m E .
Microirradiation experiments (1) Influence of post-irradiation incubation time on the extent of chromosome damage in mitoses obtained after partial nuclear irradiation.
V79 cells from asynchronous cultures were microirradiated by 1 nJ incident UV energy per nucleus and thereafter incubated for various times (7-16 h) in the presence of caffeine (1 mM) before chromosome preparations were made. The distribution of metaphases into classes A-E2 is shown in Fig. 5 .
For the different incubation times, a considerable variation was noted with regard to the damaged metaphase plates attributed to classes C-E2. A comparison of shorter incubation times .(7 h) with longer incubation times (16 h), presumably corresponding to microirradiation later in S phase and some earlier stages of the cell Ein c (nJ), incident UV energy applied per microirradiated cell. T (h), post-incubation period with 1 and 2 mM caffeine, respectively. For the number of mitoses of class E (classes E1 +E2), the lower and upper limits of the 95% confidence intervals are given in parentheses. cycle, respectively, indicates that shorter incubation times resulted in a significantly higher percentage of classes C, D and El. Class El metaphases obtained after 7 h often contained a "damage center" (Fig. lb) . By contrast, pulverization of the whole-chromosome complement (class E2) was rarely observed after 7 h but became predominant after 16 h. As in whole-cell irradiation experiments, labeling of cells with [3H]thymidine showed that chromosome shattering only occurred in cells which, after microirradiation, had performed semiconservative DNA synthesis.
100-
50-
In other experiments (Fig. 6) , synchronized cells [G 1/early S phase, see Material and Methods] were microirradiated with 2 doses (0.13 and 1.0 n J) and post-incubated with 1 mM caffeine for 14-16 h. At the lower dose (0.13 nJ), the fraction of classes E was significantly reduced (38%, 0.28 ~p ¢ 0.52) compared with 1.0 nJ (79%, 0.65 ~<p 0.89), and most metaphase plates with GCS showed chromatid fragmentation rather than complete pulverization. At this lower energy, a significantly higher fraction of metaphase plates showed damage attributable to classes C and D.
Similar experiments were performed without caffeine post-treatment. Unsynchronized cells were microirradiated with 0.53 or 1 nJ, and sampled after 7h (56 metaphase spreads obtained) or 13 h (110 metaphase spreads). Synchronized cells were microirradiated at G1/early S with 1 nJ, and a total of 195 metaphase spreads was obtained after 14, 17 and 21 h post-incubation. The maximal proportion of cells with GCS observed in these series of experiments was 2.4% (0~p~0.08). In addition, a slight but not significant increase of class C (up to 3.6%, 0 ~p ~ 0.06) was found; however, no localized chromosome pulverization was noted.
(2) Microirradiation of the cytoplasm. To establish a possible effect of cytoplasmic irradiation, the cytoplasm of V79 cells was microirradiated at a distance of 4-5 #m beside the edge of the nucleus, and cells were post-incubated with caffeine (1 or 2mM). Chromosome preparations were performed 7, 13 and 14h after microirradiation of 1450 cells in unsynchronized cultures. A total of 1817 synchronized cells was microirradated 3-5h after mitotic selection, and chromosome preparations were made 14h later. Mitotic indices in experimental fields varied between 8.6 and 15.6% and were similar to mitotic indices of unirradiated cells in the same petri dishes. Table 1 shows that chromosome shattering is a rare event after microirradiation of the cytoplasm even at an incident dose of 2 nJ per cell. This dose is twice as high as the maximal dose used in the partial nuclear irradiation experiments and compensates for the reduced absorption of the cytoplasm at 257 nm, which is known to be about 50% of that of the nucleus (Hatfield et al., 1970) . GCS was found in 5 out of 384 mitoses obtained after partial cytoplasmic irradiation. These few cells with shattered chromosomes were possibly due to erroneous microirradiation of the nucleus. It is concluded that the cytoplasm does not contain the targets important for the induction of shattering.
(3) Estimate of the UV fluence remote from the irradiation site in microirradiated nuclei. A trivial explanation of GCS after partial nuclear irradiation could be the effect of stray ultraviolet radiation. If UV fluences in nuclear areas remote from the site of microirradiation, owing to radiation scattering, were higher than the "threshold" Fig. 7 . Principle of quantitative evaluation of UDS possibly induced remote from the irradiation site. Left, autoradiograph of the nucleus of a Chinese hamster cell (CHL) after UV microirradiation in GI and incubation with [3H]thymidine for 2 h. Silver grains (arrow) indicate unscheduled DNA synthesis at the site of microirradiation. Right, schematic drawing of the same nucleus. By using an ocular grid having 4-~m squares, the nuclear area was divided into three parts: I, irradiation site; 2, squares over nuclear area adjacent to the irradiation site; 3, squares over nuclear area remote from the irradiation site.
fluence established for GCS in whole-cell irradiation experiments, GCS in microirradiated nuclei would be easily explained. After laser-UV-microirradiation of CHL cells (Zorn et al., 1979; T. Cremer et al., 1980) , UDS was concentrated at the irradiation site and adjacent regions (areas 1 and 2, Fig. 7) ; in the area remote from the irradiation site (area 3, Fig. 7) , no microirradiation-induced increase of UDS compared with that in unirradiated nuclei was observed (Zorn et al., 1979; T. Cremer et al., 1980) . This finding, however, did not exclude the possibility that the UDS response of cells after microirradiation was so altered that a high amount of DNA photolesions in one part of the nucleus decreased the cell's ability to perform excision repair in the rest of the nucleus. If so, considerable amounts of DNA photolesions in this part due to scattered UV radiation might have remained undetected. To obtain an upper limit of the UV flux possible in area 3, Partial nuclear irradiation of CHL cells in GI with an incident UV dose of 0 and 1 nJ was followed by whole-cell irradiation with a UV fluence of 0 and 1.7 J/m 2, i.e., the threshold fluence which had to be exceeded for the induction of GCS in V79 cells post-treated with 1 mM caffeine (compare Figs. 2 and 4) .
Autoradiographs were evaluated after pulse labeling with [3H]thymidine for 2 h. Table 2 shows the average number of silver grains --+ S.D.M. per square unit (16/~m 2) established (a) over area 3, and (b) over the whole area of nuclei which were not microirradiated. In the absence of whole-cell irradiation, grain densities over the remote area did not significantly differ from grain densities over control nuclei. A significant increase of the number of silver grains per square unit in area 3, however, was noted after additional whole-cell irradiation (with 1.7 j/m2). This indicates that the UV fluence in this area which possibly resulted from scattered UV radiation was significantly lower than 1.7 J/m 2. 
Partial nuclear irradiation of CHL cells in G1 with an incident UV dose of 0 and 1 nJ was followed by whole-cell irradiation with a UV fluence of 0 and 1.7 J/m 2, and pulse labeling with [3H]thymidine. The average number of silver grains±SDM per square unit (16 /~m 2) is shown, established over the area remote from the irradiation site (: =area 3, Fig. 7 ) in case of microirradiated cells (1 nJ), and over the whole nuclear area in case of cells not microirradiated (0 nJ). n, number of nuclei evaluated.
A theoretical estimate of the UV fluence to be expected at a distance of 10 #m from the site of microirradiation due to scatter of ultraviolet radiation gives a UV fluence of 0.034 and 0.07 J/m 2 for the incident energies 1 and 2 n J, respectively (T. Cremer et al., 1980) . Thus both experimental evidence and theoretical considerations indicate that the UV fluence to be expected in the area remote from the irradiation site was not sufficient to account for GCS per se.
Discussion
Severe chromosome fragmentation and/or pulverization has been observed in many cell systems and after a variety of treatments (Chu, 1965; Nichols, 1970 Nichols, , 1974 Kihlman, 1977) . In the present investigation we compared the effects of whole-cell UV irradiation (~,, 254 nm) and UV microirradiation (~,, 257 nm) plus caffeine post-treatment on the induction of chromosome shattering (CS). We use this term to avoid any prejudice about its mechanism; we suggest that fragmentation and pulverization may represent 2 different manifestations of the same process. When the findings of this investigation are placed in context with the observations of chromosome pulverization/fragmentation reported by other authors, several possibilities may be considered. Chromosome shattering might be due to a breakdown of DNA synthesis (Freed and Schatz, 1969; Kihlman, 1977) or to premature chromosome condensation (for review see Sperling and Rao, 1974) obtained by a number of treatments (Nichols et al., 1964 (Nichols et al., , 1965 Stich et al., 1964; Zur Hausen, 1967; Kato and Sandberg, 1968a,b; Schor et al., 1975) . In any discussion of these or other possibilities, several features of generalized (GCS) and partial chromosome shattering (PCS), as observed here, should be noted.
(1) Under the conditions investigated, the frequency of GCS and PCS was very low after UV irradiation alone and caffeine treatment alone but high after the combined treatment (see text and Figs. 2, 4, 6) .
(2) Microirradiation of the cytoplasm plus caffeine post-treatment did not significantly increase the percentage of cells with chromosome shattering (Table 1) .
(3) GCS and PCS occurred at the first post-irradiation mitosis in cells with a single microirradiated nucleus, as shown by follow-up studies of single microirradiated cells in phase contrast .(T. Cremer et al., 1981, and our unpublished data) . No association of a complement of normally condensed metaphase chromosomes with the shattered one was observed. This indicates that cell fusion or asynchrony between nuclei in multinucleated cells is not involved in CS obtained by UV irradiation and caffeine post-treatment.
(4) GCS and PCS, following partial nuclear irradiation and post-treatment with caffeine, were observed in 2 Chinese hamster cell lines of different origin, V79 cells (T. Cremer et al., 1980) and M3-1 cells (our unpublished results), and in early passages of euploid Chinese hamster cells (CHL) derived from lung tissue .
(5) If chromosome shattering is associated with a breakdown of DNA synthesis or with some kind of premature chromosome condensation, one should expect that shattered chromosomes represent chromatin in the state of replication and thus contain a DNA value between 2C and 4C levels. Feulgen measurements of the DNA content of V79 cells with GCS obtained by PUVA-irradiation and post-incubation with caffeine revealed (T. Cremer et al., 1981) that, within experimental error (ca. 8%), the cells had a normal G2M-DNA content. The same results were obtained by flow cytometry (Horan and Wheeless, 1977) for M3-1 cells after UV irradiation at 254 nm and caffeine post-treatment (Cremer and Gray, submitted) .
When [3H]thymidine was added to V79 cultures 1 h before chromosome preparation was performed without colchicine pretreatment, about 90% of cells with GCS were unlabeled (Zorn, 1978) . These results indicate that CS is produced by a process which does not grossly interfere with DNA replication. Instead, a more subtle process of misreplication might be considered which results in a failure of normal chromosome condensation.
We have previously established the hypothesis (T. Cremer et al., 1980 Cremer et al., , 1981 that photochemically induced DNA lesions produced in microirradiated chromosome territories of the interphase nucleus (Zorn et al., 1979; C. Cremer et al., 1980a ) may induce shattering of unirradiated chromosomes situated in territories remote from the irradiation site. We considered several possibilities to explain the synergistic effect of UV irradiation and caffeine within the framework of this hypothesis and proposed a factor depletion model for the induction of GCS (T. Cremer et al., 1980 Cremer et al., , 1981 . The hypothesis is based on the assumption that the cell nucleus contains factors needed for daughter-strand repair and normal semiconservative DNA replication as well. Misreplication is induced when the pool of these critical factors becomes exhausted during the S phase. The model allows several predictions which are consistent with the present experimental results. (a) The cell has to traverse some part of S in order to accumulate a critical number of daughter-strand repair sites in the presence of caffeine. With increasing UV dose, the amount of irradiated DNA that has to be replicated after irradiation to reach this critical limit would become smaller; exhaustion of the pool would take place at a correspondingly earlier stage. Thus, a higher dose should not only increase the yield of GCS, but also increase the fraction of cells that show chromosome pulverization (class E2) instead of chromosome fragmentation (class El). The same line of reasoning is valid for the effect of irradiation at different stages of the cell cycle. The percentage of cells with GCS as well as the ratio of class E2/E1 is expected to be higher when irradiation is performed in G1/early S as compared with later stages of S. The dose-effect relationship obtained for the induction of GCS (Figs. 2, 4) may simply reflect the variation of the pool size in the irradiated cell populations. Notably, the percentage of PCS increased when microirradiation was either performed at later stages of S (Fig. 5) or at a lower incident dose in G1/early S (Fig. 6) . To account for PCS in the light of the factor-depletion model, we assume that microirradiated chromosome domains are more sensitive to depletion of F than are unirradiated ones. If so, this difference in sensitivity may become more obvious in cases where factor depletion does occur only for a short period of the S phase. In these cases, chromosome shattering may be predominantly or even completely restricted to the microirradiated chromatin . This idea is supported by 2 observations. Firstly, the damaged chromosomes are not randomly distributed in the metaphase plate, but clearly centered around a damage center (Fig. l a) . Secondly, evaluation of PCS in microirradiated CHL cells has shown that any chromosome of the complement can take part in PCS with a frequency roughly corresponding with its DNA content (T. Cremer et al., in preparation) .
In conclusion, the data obtained by UV microirradiation of the nucleus and caffeine post-treatment suggest 2 levels of chromosomal alterations induced: level 1 as indicated by PCS appears to be largely restricted to irradiated chromatin, while level 2 involves both irradiated and unirradiated chromatin and results in GCS.
